AGB variable stars are at the transient phase between low and high mass-loss rates; estimating the masses of these stars is necessary to study the evolutionary processes and mass-loss processes during the AGB stage. We applied the pulsation constant theoretically derived by Xiong and Deng (2007 MNRAS, 378, 1270) to 15 galactic AGB stars in order to estimate their masses. We found that using the pulsation constant is effective to estimate the mass of a star pulsating with two different pulsation modes, such as S Crt and RX Boo, which provides mass estimates comparable to theoretical results of AGB star evolution. We also extended the use of the pulsation constant to single-mode variables, and analyzed the properties of AGB stars related to their masses.
Introduction
Stellar mass is the most essential quantity for studying stellar structure and evolution. Unfortunately, however, the masses of the asymptotic giant branch (AGB) stars have not yet been precisely known, mainly due to the rareness of short-period binary systems suitable for dynamical mass determination. Instead, the richness of pulsating stars among AGB stars allows us to use stellar pulsation theory to estimate their masses, because the pulsating period is tightly related the mean density of stars. Generally, the relation between the period and the mean density of a pulsating star can be written in the following form (e.g., Cox 1980) :
where P is the pulsation period, the mean density, and Q the pulsation constant. Usually, P and Q are expressed in units of day. Although Q has been referred to as the pulsation constant in many papers, exactly speaking, Q is not constant. However, compared with other quantities that appear in pulsation theory, Q remains in a relatively narrow range, making it useful for deriving the mean density of stars based on the pulsation period. The use of Q for studying stellar masses has been applied to Cepheid-type variables, which have no extended convection zones (e.g., Petersen 1973; Christensen-Dalsgaard & Petersen 1995; Moskalik et al. 1992 ). There have also been a number of studies that applied pulsation theory to other types of pulsating stars, such as ı Scuti-type stars (e.g., Breger & Bregman 1975 it possible to use pulsation properties of solar-like oscillation to study scaling relations of stellar mass and luminosity (e.g, Huber et al. 2011) .
While there have not been many studies on mass determinations of AGB stars using pulsation theory, recent progress in observations and theoretical studies makes it possible to apply pulsation theory to real observations in order to estimate the masses of these stars. First, thanks to the recent development of high-precision astrometry, such as the Hipparcos mission and phase-reference VLBI observations (e.g., Whitelock et al. 2008; Vlemmings & van Langeverde 2007; Nakagawa et al. 2008) , precise stellar properties (such as distances and luminosities) are now available. Second, there have been new calculations of stellar pulsations that include careful treatment of the convection zone (Xiong & Deng 2007) . For these reasons, in the present work we have applied theoretical work by Xiong and Deng (2007) to the mostupdated observations, and have estimated the masses of pulsating AGB stars.
The plan of this paper is as follows. In section 2, we summarize the pulsation constants derived by Xiong and Deng (2007) , and compare them with earlier results. In section 3, the physical properties derived from recent observations are summarized and discussed.
Then, in section 4 stellar masses are derived with the use of Q and compared with the luminosity. In section 5, brief discussions on the pulsation modes and stellar luminosities are presented, and also the derived masses are compared with those of red clump stars, pre-AGB stars obtained based on asteroseismic studies involving such space missions as CoRot and Kepler. 60-2 M. Takeuti et al.
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Pulsation Constant

Theory of Xiong and Deng
Previously, pulsation theory was established based on a simplified treatment of the stellar structure, in which polytropic models were used without taking into account the effect of convection. To understand the main features of pulsation of Cepheid-type stars, such a simplified theory was useful. However, it should be mentioned that some simplified treatments of convection are necessary to resolve the existence of a double-mode enhancement of pulsation among Cepheid variables. Recently, Xiong and Deng (2007) built theoretical models of red giants based on a careful treatment of the coupling between convection and oscillation. In their paper, the characteristic period, Q, is obtained in the following form:
where parameters m, t , and l are related to the stellar mass, effective temperature, and luminosity as follows:
t = log T e 3:55;
The coefficients in equation (2) for the fundamental and first overtone modes are given in table 2 of their paper. Equation (2) provides a reasonable approximation of Q for 1 Ä M=MˇÄ 3, 3.4 Ä log T e Ä 3.7, and 2.6 Ä log .L=Lˇ/ Ä 3.5. Figure 1 shows the pulsation constant for the fundamental mode, Q F , and that for the first overtone mode, Q 1O , of 37 models whose fundamental period exceeds 100 d. The parameters for the selected models are given in table 1. From figure 1, one can see a relatively large scatter of the pulsation constant, Q, for the fundamental mode. In fact, Q F ranges from 0.06 to 0.10. If we simply use the mean Q F of 0.08 to estimate the mass, its error would be˙20% at maximum. On the other hand, the scatter of Q 1O is fairly smaller than that of Q F . Therefore, if one uses a single value of Q to estimate the stellar mass, M , the first overtone mode should provide a better mass estimate.
The pulsation constant has a close connection with the polytropic index, which determines the physical gradient of the models, as shown in a well-known review by Ledoux and Walraven (1958) . Because the pulsation constant is affected by the physical properties in sub-photospheric layers of a star, Q depends on the physical gradient of such a layer. Since both Q F and Q 1O depend on the physical properties of stellar envelopes, one can expect a close correlation between the ratio Q 1O =Q F with the value of Q F . This correlation is shown in figure 2 . The diagram suggests that we may be able to estimate Q F more precisely once we know the ratio of Q 1O =Q F . The least-squares approximation of the relation of Q 1O and Q F is expressed as log T e log (L=Lˇ) with a standard deviation of 0.003. While this equation appears to be quadratic for Q F , practically it is not because the Q ratio, Q 1O =Q F , is determined by the observed period ratio, P 1O =P F [from the definition of Q in equation (1),
Hence, we may apply this equation to AGB variable stars with a double-mode nature to obtain a precise value of Q F and their mass. In fact, the above equation provides a better estimate of Q F than assuming a single value of Q F or Q 1O . For instance, if we use equation (6) for an AGB star with a typical period ratio of Q 1O =Q F 0.5, the period ratio provides a Q F of 0.077˙0.003, corresponding to a fractional error (ΔQ F =Q F ) of only 4.3%. On the other hand, the simple means and the 1-scatters of Q F and Q 1O in figure 1 are 0.077˙0.010 and 0.038˙0.002, respectively. They correspond to fractional errors (ΔQ=Q) of 13.1% and 6.1%, being greater than that when using the period ratio of Q 1O =Q F . Therefore, in terms of the accuracy of Q, the mass determination using the period ratio via equation (6) is more favorable.
Comparison with Early Results
In order to examine the effect of different treatments of the convection, we compared the results of Xiong and Deng (2007) with those of early studies. A thorough survey of red variable stars was conducted by Fox and Wood (1982) with a simplified treatment of the coupling between the convection and the radial oscillation. Later, Ostlie and Cox (1986) also performed extensive calculations based on a different treatment. We have to mention that these two papers used opacity tables different from the currently used one. Compared with the results of Fox and Wood (1982) , Ostlie and Cox (1986) concluded that the results of these two papers seemed to be identical. Hence, here we compared Q F and Q 1O =Q F of Ostlie and Cox (1986) with those of Xiong and Deng (2007) . The relation by Ostlie and Cox (1986) is presented in figure 3 . Here, 76 models whose fundamental period is longer than 100 d were selected from the paper (we note that the scatter of the data may slightly depend on the choice of models). The least-squares approximation for the results shown in figure 3 is expressed in the following form:
This expression is slightly different from equation (6), but basically shows the same trend. In fact, if we compare Q F derived from these two expressions for Q 1O =Q F between 0.4 and 0.6, the difference is around 10%. Hence, the similarity of the two equations indicates that the physical gradient of two series of models is not significantly different, even though the used opacities are different. In the case of studies of double-mode Cepheids, it is known that the opacity difference at a temperature of 2.5 10 5 K, which is related to the transition in the M shell of Fe, makes a remarkable difference in the period ratio. However, for the red long-period variable stars, such a layer is situated at sufficiently deep levels. Therefore, the difference in the opacities used by Xiong and Deng (2007) and Ostlie and Cox (1986) does not affect the period ratio remarkably.
Physical Properties of AGB Stars
Distance
To utilize the period-density relation to obtain the mass of AGB stars, it is necessary to obtain the mean radius of the star. The Rosseland radius associated with the luminosity and the effective temperature will be one of the best radius for this purpose. Note that the Rosseland radius is defined as the radius at which the Rosseland mean optical depth becomes unity. This diameter is known to be a good representation of the photometric radius, which is determined from the luminosity and the effective temperature (see, e.g., KuO cinskas et al. 2005) , and in this paper we consider the Rosseland radius and the photometric radius as being identical.
In order to estimate such physical properties, a measurement of the distance is essentially important. Recently, two useful observations for determining source distances have been developed: one is the Hipparcos satellite, and the other is phasereferencing VLBI astrometry. Recent results of these methods are summarized by Whitelock, Feast, and van Leeuwen (2008) , in which they selected eight stars from the Hipparcos catalogue and three stars (S CrB, U Her, and UX Cyg) from previous VLBI observations.
In addition to those listed in Whitelock et al. (2008) , new VLBI observations performed with VERA (VLBI Exploration of Radio Astrometry) provide astrometric results for more Whitelock, Feast, and van Leeuwen (2008) , and the others are noted below the table. All of the distances have an accuracy better than 17%. Hence, for most of the stars, the luminosity error is below 30%.
Photometric Radius
The photometric radius can be derived from two physical quantities, namely, the luminosity and the effective temperature. For early type stars, the measured color is applicable to estimate the bolometric correction for V magnitude BC V and the effective temperature T eff . To apply this procedure to AGB stars, however, the most serious problem is to estimate the mean V magnitude, since it changes over a range of several magnitude. Instead of using the V band observation, here we use near-infrared magnitudes at the JHK bands because the amplitude variation is smaller at these bands.
Luminosity
Generally, estimating the luminosity is easier than that for the effective temperature. Here, we basically use the nearinfrared data in Whitelock, Marang, and Feast (2000) . Because the interstellar extinction is usually less than 0.1 mag, we may ignore the correction of the interstellar extinction. The colors (J K) of nine stars (o Cet, L 2 Pup, R Car, R Leo, R Hya, W Hya, S CrB, U Her, and R Aqr), derived from the data of Whitelock, Marang, and Feast (2000) , are tabulated in table 3. We note that (J K) is restricted in a narrow range from 1.21 to 1.65. As a result, the bolometric correction between M K and M bol is also in a narrow range from 2.97 to 3.26. We used For J magnitudes, the result of single-epoch observation is used.
the equation in subsection 6.4 of Whitelock, Marang, and Feast (2000) for deriving the bolometric correction; their values are also listed in table 3. Whitelock, Feast, and van Leeuwen (2008) provided the absolute magnitude M K for W Cyg, R Cas, and UX Cyg, but in Whitelock, Marang, and Feast (2000) their color (J K) is not available. Here, we used a single-epoch observation of (J K) indicated in SIMBAD for these three stars. For SY Scl, Whitelock et al. (1994) provided the results of their precise observations, with a K of 2.61 mag and a color (J K) of 1.65. For S Crt and RX Boo, we cannot find the K magnitude corrected for the interstellar extinction in Whitelock, Feast and van Leeuwen (2008) . Instead, for S Crt here we use the data in the 2MASS catalogue, which is an M K value of 7.37 mag. For RX Boo, an M K value of 7.53 is obtained from Glass and van Leeuwen (2007) . We also use (J K) of the SIMBAD data for these stars.
The absolute luminosity, log L, which is necessary to compare the observations with the physical quantities obtained in theoretical studies, is also presented in table 3. The error of the luminosity was calculated based on the error of the distance tabulated in table 2. The error caused by ignoring interstellar extinction is expected to be less than 0.1 mag, and the scattering around the relation between (J K) and BC K is 0.019 mag (Whitelock et al. 2000) . The observational uncertainty for (J K) is expected to be around 0.05 mag. Therefore, the error of the luminosity is basically dominated by the error in distance measurements.
Effective temperature
Estimating the effective temperature is a serious problem in studying AGB stars. The color (B V ), which is useful to determine the effective temperature for early type stars, loses its significance in estimating the effective temperature of AGB stars due to the strong effect of oxide bands on the B magnitude. Recently, Worthey and Lee (2011) studied the relation between the color (V K) and other properties of the stellar atmosphere. They collected the results of Johnson/Cousins photometry for many stars, and presented several useful relations. However, it is difficult to obtain the mean V magnitude for AGB variables, because of their large variability in V magnitude. For these reasons, here we estimate the color (V K) based on the observed JHK color. In figure 6 of Worthey and Lee (2011), we cannot find any clear relationship between (V K) and (J K) for the domain with (V K) Ä 5. On the other hand, in their figure 7, (V K) has a relatively clear relation with (H K) for red stars. Hence, to estimate the effective temperature here we use their relation between (V K) and (H K), as follows:
.V K/ = 11 OE.H K/ 0:25 + 6:
The scatter of the data obtained from this expression is smaller than 1 mag for most stars. With figure 8 of Worthey and Lee (2011), we may derive an equation given as
which is in units of K. Adopting that the scatter of (V K) calculated by equation (8) is 0.6 mag, the uncertainty of T eff is approximately˙100 K, or 3%. Using this effective temperature, we may calculate the photometric radius. The source of (H K) is the same as the (J K) magnitudes described in the previous subsection; their values are tabulated in table 4.
Stellar radii
Once the stellar luminosity, L, and the effective temperature, T eff , are known, one can determine the photometric radius, R, through the relation L = 4 R 2 SB T 4 eff , where SB is the Stefan-Boltzmann constant. The results are listed in table 4. These radii range from 150 Rˇto 600 Rˇ, being consistent with those of AGB stars. In order to test if these radii are reasonable estimates, here we compare the results with stellar radii obtained by interferometric observations. Woodruff et al. (2004) carried out interferometric observations of o Cet, and obtained Rosseland diameters of between 28.9˙0.3 and 34.9˙0.4 mas. When we adopt the distance presented by Whitelock, Feast, and van Leeuwen (2008) , the linear Rosseland radii correspond to 284˙32 Rǎ nd 344˙38 Rˇ. Note that the main source of error in the Rosseland radius comes from the uncertainty in the distance, rather than the error in interferometric observations. Our photometric radius of 242˙32 Rˇis marginally consistent with the smaller radius when the uncertainties are considered. For RX Boo, KuO cinskas et al. (2005) obtained a Rosseland diameter of 18.87˙0.12 mas based on interferometric observations. This angular diameter gives a Rosseland radius of 277˙19 Rˇwith the parallax obtained by Kamezaki et al. (2012) . Since our photometric radius is 237˙23 Rˇ, the photometric radius provides a slightly smaller value than the Rosseland radius obtained by interferometric observations (although they are still marginally consistent within the error bars). One possibility is that the radii derived by interferometric observations could be partly affected by emission from dust in the circumstellar envelope, yielding a size slightly larger than the photometric radius.
Another point that we must consider is the metallicity effect, which could introduce twofold effects on the results discussed in the present paper. One is through a modification of the theoretical relation by Xiong and Deng (2007) shown in equation (2), which is obtained under an assumption of the solar metallicity. The other effect is the deviation from the empirical relation between the effective temperature and the stellar color, such as equation (9), which is also established for stars with solar metallicity. We note, however, that the AGB stars considered here are in the vicinity of the Sun, and we expect that their metallicity is not much different from the solar value; hence, one can expect that the metallicity effect would not be significant in the present study (a more detailed discussion on the metallicity effect is beyond the scope of the present paper, and should be addressed in future studies).
Stellar Masses
Mass Determination from Period and Period Ratio
First we consider AGB stars with multiple periods, for which the period ratio can be used to determine accurate masses. Since Kamezaki et al. (2012) measured an accurate parallax for a double-mode semi-regular variable star, RX Boo, this is the best target for applying the period ratio to estimate its stellar mass. Here, we adopt a period ratio of 0.57, following Kamezaki et al. (2012) . When we use equation (6), the period ratio gives Q F of 0.067˙0.003, corresponding to a fractional error (ΔQ F =Q F ) of 4%. When combined with the photometric radius of 237 Rˇ, and also with equation (1), the period ratio results in a stellar mass of 0.77˙0.22 Mˇ. On the other hand, assuming Q 1O of 0.038˙0.002, we obtain a mass of 0.76˙0.22 Mˇ, which is identical to the mass obtained by using the period ratio. However, as already discussed in section 2, if one simply uses the mean of Q F = 0.077˙0.010 or Q 1O = 0.038˙0.002, the fractional error of Q is larger than that for using the period ratio. Therefore, while the error in the mass estimate is currently dominated by other factors (such as the effective temperature and radius), in terms of minimizing the error from Q, the mass derived with the period ratio is preferable.
In addition to RX Boo, S Crt also shows multiple periods from time to time. A photometric study of S Crt before 1990 gave a period of 155 d, while recent observations provide a period of 310 d. Such a considerable change in the pulsation period can be interpreted as being the change of the pulsation mode, from the first overtone to the fundamental modes. If this is the case, the period ratio of 0.50 provides a Q F of 0.077 for S Crt, which results in a stellar mass of 0.60˙0.15 Mˇ. For other stars, unfortunately multiple periods are unavailable, and thus one cannot apply the period ratio to obtain the pulsation constant. In such a case, the most simplified procedure (though this should be less reliable) is to use Q F = 0.077˙0.010, assuming that their pulsations are in the fundamental mode. The only exception is the case of W Cyg, which we consider as a first overtone pulsator because, otherwise, the mass would become too large [log(M=Mˇ) of 0.610]. In addition, in the case of the fundamental mode, W Cyg would deviate from the period-luminosity relation (see figure 6 ), which also supports our interpretation of a firstovertone pulsator. The results of the obtained masses discussed in this subsection are summarized in table 5 along with the assumed pulsation mode.
Luminosity-Mass Diagram
In figure 4 , we show a luminosity-mass diagram for the 15 AGB stars. The straight line indicates an approximated position of the theoretical "cliff " for the mass-loss rate [e.g., see figure 7 in Wilson (2000) ]. The line separates the low mass-loss rate domain, log ( P M =Mˇ) Ä ( 7)-( 6) (in yr 1 ), and the high mass-loss rate domain, log( P M =Mˇ) ( 7)-( 6) (in yr 1 ). Evolutionary studies of AGB stars show that a star that evolved from a red-clump star slowly moves on the luminosity-mass diagram toward more a luminous end with a nearly constant mass, and once it reaches a critical luminosity it starts losing its mass with a high mass-loss rate. Then, the star moves to a less-massive end, and transfers to the post-AGB stage. The cliff indicates the location of stars on the luminosity-mass diagram where such a rapid change of the mass-loss rate occurs. Because of a difficulty in constructing realistic models for AGB stars, the position of the cliff is still relatively uncertain, and hence the cliff seen in figure 4 should be taken as a tentative one. Nevertheless, it is remarkable that the positions of the stars calculated with the present procedure are fairly close to the cliff (with only an exception of L 2 Pup at the fainter side of the cliff), implying that such a cliff really exists. We also note that in this diagram there is no clear distinction between fundamental-mode pulsators and first-overtone pulsators, suggesting that they basically belong to the same population in terms of the mass and the luminosity.
Discussion
Pulsation Mode and Color
Among the 15 stars discussed in the present paper, we selected three stars (W Cyg, S Crt, and RX Boo) as firstovertone pulsators; S Crt and RX Boo were selected based on their double periodic nature, and W Cyg was judged as a firstovertone pulsator because the mass estimate with the first overtone assumption provides a reasonable value. On the other hand, for ı Cephei-type stars, we know that the higher mode pulsators are located on the bluer side on the color-magnitude diagram than fundamental-mode pulsators. Also, recent observations of the Large Magellanic Cloud (Soszyński et al. 2000) indicate that the second overtone pulsators are situated in the bluest region, with the first overtone ones on the redder side of the second overtone ones. In order to check if there is a similar tendency in AGB stars, in figure 5 we show a color-magnitude diagram for our sample sources using the color (H K). It is noteworthy that the color (H K) of W Cyg is the bluest, as in the case of a ı-Cephei type star. The double-periodic stars, S Crt and RX Boo, are also situated on the bluer side than single-period stars, indicating that a trend similar to ı Cepheitype stars exists in AGB stars. However, we note that the color of W Cyg, S Crt, and RX Boo is obtained with a singleepoch observation, and thus this tendency should be tested by further observations.
Luminosity of Long-Period Miras
For Miras in the LMC, the period-luminosity relation has been established since the 1980s. Feast et al. (1989) suggested that the period-luminosity relation can be separated into two parts: one for short-period Miras, and the other for longperiod Miras. The gradient is gentle for the former and steep for the latter, where the long-period group consists of stars with a period longer than 420 d, or log P > 2.62. Recently, Whitelock, Feast, and van Leeuwen (2008) suggested a single linear fit to the period-luminosity relation for the LMC Miras. This does not necessarily conflict with the results of Feast et al. (1989) , because the sample stars belong to the short-period group, with log P < 2.62. Concerning UX Cyg, Whitelock, Feast, and van Leeuwen (2008) discussed that the star is one magnitude brighter than the extension of the periodluminosity relation derived by combining the gradient of the LMC Miras and the zero point from nearby Miras observed with the Hipparcos. A possible solution is that the star would be the first overtone pulsator; another is that the star is now at the hot bottom burning (HBB) stage. Whitelock, Feast, and van Leeuwen (2008) also discussed that the former solution is unreasonable because the first-overtone pulsators should have a low amplitude and semi-regular nature on its variability, which is inconsistent with UX Cyg's classification as a normal high-amplitude Mira. They also pointed out that the latter solution means that the HBB stars could have a different period-luminosity relation from the usual Miras. If this is the case, UX Cyg must show some different abundance from normal Miras.
In the present study, we consider UX Cyg to be a fundamental mode pulsator, because its high luminosity can be explained by high mass (logM=Mˇof 0.626), which is derived with the assumption of the fundamental mode. Whitelock, Feast, and van Leeuwen (2008) noted that the long-period LMC Miras are thought to lay close to an extension of the bolometric period-luminosity relation.
In figure 6 , we compare UX Cyg with the other AGB variables in the bolometric period-luminosity relation. In this figure, the fundamental-mode pulsators are indicated as filled circles, and are separated into three groups: a long-period star, UX Cyg, a short-period star, L 2 Pup, and other stars with moderate periods. Fundamental-mode pulsators seem to follow a linear relation, but at this moment it is too early to obtain a decisive conclusion, and we have to wait for precise observations of more Mira stars.
Comparison with the Masses of Red Clump Stars
Astero-seismic studies on high-precision photometry obtained with the Kepler spacecraft permit us to distinguish hydrogen-shell-burning stars and more evolved stars that are also burning helium in the core (Bedding et al. 2011) . The former has been identified as red giants on the RGB (Red Giant Branch), and the latter as red clump stars. The AGB stars studied in the present paper are stars evolved from the red clump stars. Because of this, it is interesting to compare the masses of red clump stars with those of AGB stars.
Fortunately, Mosser et al. (2011) presented the masses of about 1200 red giants observed with the missions CoRot and Kepler. It was found that the masses of the red clump stars are mostly concentrated in the range of 0.6-1.8 Mˇor 0.22-0.26 Mˇin log(M=Mˇ). These masses are comparable to those for most of our samples. The mass of UX Cyg obtained in the present study is 4.2 +2:1 1:3 Mˇ, the highest in our samples. This is not in conflict with the highest mass of 3.4 Mˇin the sample of Mosser et al. (2011) .
